INTRODUCTION
Magnetite, hematitie, ilmenite and rutile are common Fe-Ti oxide minerals in metamorphic rocks (Buddington and Lind sley, 1964; Kanehira et al., 1964; Westra, 1970; Rumble, 1973, 76; Mariko et al., 1975) . (Carmichael, 1961; Lindsley, 1962 Lindsley, , 1963 Lindsley, , 1965 Lindsley, , 1973 Taylor, 1964; Katsura et al., 1976) . However, their stabilities in multi-component system such as metamorphic rocks may be controlled by the chemistry of the system as well as pressure, temperature and oxygen fugacity. The paragenesis and stability of oxide minerals and sphene in the Sanbagawa pelitic schists of the Shiragayama area in central Shikoku, were discussed in a previous paper (Itaya and Banno, in prep.) . In this paper, we intend to discuss the paragenesis and stability of these minerals in basic schists of the same area. In contrast with the Sanbagawa pelitic schists, which are in reduced state because of the presence of carbonaceous matters, the oxidation state of basic schists varies considerably, from hematite-bearing schists to pyrrhotite-bear ing ones, making it possible to obtain more information about the paragenesis. Thus, not only the relationships among ilmenite, rutile and sphene, but also those including hematite and magnetite can be shown. The low temperature paragenetic relations in the FeO-Fe2O3-TiO2 and FeO-Fe2O3-TiO2-MnO systems can be established from the observa tion on natural paragenesis.
As in the pelitic schists, the oxide minerals and sphene in the basic schists commonly reacted at the retrograde stage of metamorphism, giving rise to the forma tion of various composite grains postdating major silicate assemblages. Therefore, the paragenetic relation is determined only after the retrograde assemblages were eliminated.
The stability of oxides and sphene, and their role in estimating the fugacities of CO2 and O2 are discussed in relation to the temperature, silicate assemblage and oxida tion state of host rocks.
OUTLINE OF GEOLOGY AND PETRO GRAPHY
The study area is a part of the San bagawa metamorphic belt in central Shikoku (Fig. 1) , being east of Shirataki (Ernst et al., 1970) and south of the Sazare (Kurata and Banno, 1974) areas, having been called Shiragayama area by Higashino (1975) . This area is underlain by the Minawa and Ojoin (Ozyoin) formations as defined by Kojima and coworkers (Kojima, 1951 and others) . Higashino (1975) has divided this area into three mineral zones: the chlorite zone, garnet zone and biotite zone, in the ascending order of metamorphic temperature. Although the pelitic schists of the Sanbagawa belt is in extremely reduced state, being characterized by the presence of carbonaceous matters and pyrrhotite (Itaya, 1975) , the oxidation state of basic schists varies considerably. It ranges from hematite-bearing to pyr rhotite-bearing. The relationships among the silicate mineral assemblages, the oxida tion state of the host rocks and the meta morphic grade are shown in Table 1 . The present area can be divided into three zones, solely based upon the mineral assemblages of the hematite-bearing basic schists, namely: riebeckitic actinolite zone, crossite zone and subcalic hornblende zone in the order of ascending metamorphic temperature. The location of isograds defined by the hematite bearing basic schists are compared with those defined by the pelitic schists in Fig.  3 . However, in the following sections, the metamorphic grade will be defined only by the isograds for the pelitic schists, partly because we have to define different mineral zones for hematite-bearing and pyrrhotite bearing basic schists, and partly because the accuracy locating isograds is better for Fig. 2 . Sample localities and the distribution of mineral zones along the Asemi valley. The location of this route is shown by a quadrilateral in Fig. 1 ; The mineral zone is after Higashino (1975) ; Numerals show the specimens studied in detail.
the pelitic schists, which are the most predominant rock-type of the present area. Although the majority of mineralogy of the Sanbagawa schists is attributable to a single event of progressive metamorphism, disequilibrium parageneses occur not uncom monly in small domains in thin section (Kurata, 1972; Higashino, 1975; Itaya and Banno, in prep; Otsuki and Banno, in prep.) . Therefore, as proposed by Itaya Modes of the minerals were measured by the method by Itaya and Banno (in prep.) .
MODE OF OCCURRENCE AND CHEMICAL COMPOSITIONS OF Fe-Ti OXIDE MIN ERALS AND SPHENE
The Fe-Ti oxide minerals in the basic schists are magnetite, hematite, ilmenite and rutile. Fig. 3 shows the relationships between mode of occurrence of these mine rals and sphene, and metamorphic grade. The basic schists are divided into two groups, hematite-bearing and-free schists. They do not differ only in terms of presence or absence of hematite; their silicate mineralogy (Table 4) . Hematite: Hematite generally occurs as individual grains with euhedral or subhedral form. Its mode is 0.01-0.5 in volume per cent. In the garnet and biotite zones, hematite grains often contain fine ilmenite lamellae (about 1 X 50 ,um2 on polished section). This type of hematite grain (ilmeno-hematite after Buddington et al., 1963 ) is sometimes intergrown with ilmenite containing fine hematite-lamellae (hemo ilmenite) as shown in Fig. 8a . Hematite and ilmenite with such a texture will be called hematite-ilmenite intergrowth here after. Coarse-grained (hundreds of microns to a few millimeters) and fine-grained (tens of microns) hematite often coexist in one polished section; the former generally con tains fine ilmenite-lamellae only in the core (Fig. 4) , whereas the latter usually does not contain them and is always euhed ral. Hematite-rutile intergrowth was observed in a few specimens from the lower part of the garnet zone (Fig. 8b) .
Hematite contains some TiO2 and MnO , and its minor components are CaO, Al2O3 and SiO2. It is often chemically zoned, with a core rich in TiO2 and MnO and a rim poor in them (Fig. 5) . This is true in the Sanbagawa quartz schists of the Nagatoro area, Kanto mountains, described by Mariko et al. (1975) . The core of coarse-grained hematite with ilmenite-lamellae (Fig. 4 geneous when occurring as independent grains in one polished section. Minor com ponents are CaO, Al2O3 and MgO. Ilmenite in hematite-ilmenite intergrowth is also homogeneous within one polished section (Fig. 6 ). On the other hand, ilmenite occur ring as composite grains vary in composi tion, significantly from grain to grain as shown in Fig. 6 , in which the variation of MnO content of ilmenite in ilmenite-rutile composite grain is shown.
Rutile: Rutile is widespread in the garnet and biotite zones. Its mode is 0.01-0.5 in volume per cent. In the hematite-bearing schists, it is often surrounded by sphene.
In the hematite-free schists, however, it commonly forms composite grains with ilmenite or sphene, or both. It also com monly occurs as independent euhedral pillar shaped grains in the hematite-bearing schists. SiO2, Al2O3, MnO, CaO and FeO (as total Fe) were detected with EPMA but they are very low.
Sphene: Sphene is common in all the zones, although sometimes, it is absent in the hematite-bearing schists of the garnet and biotite zones. In the chlorite zone, sphene is euhedral and fine-grained (tens of microns). In the garnet and biotite zones, however, euhedral fine crystals and anhedral or subhedral coarse-grained ones (hundreds of microns to a few millimeters) coexist in one polished section. In the hematite-free schists of the garnet and biotite zones, sphene commonly forms composite grains with ilmenite or rutile, or both, but in the hematite-bearing portions of the same zones, it forms composite grains with only rutile.
Composite grains of TiO2-minerals: All possible types of composite grains of TiO2-minerals, ilmenite-rutile, ilmenite-sphene, rutile-sphene and ilmenite-rutile-sphene are commonly observed in the basic schists as in the pelitic ones (Itaya and Banno, in prep.) . Hematite-bearing portions, however, contain only sphene-rutile composite grains. The modes of occurrence of these composite grains are summarized in Fig. 3 , and the relationships between their modes of occurrence and oxide mineral assemblages are shown in Table 3 . The chemical com position of ilmenite in the composite grains vary significantly not only among the com posite grains but also within one com posite grain. As an example, such a chemical heterogeneity of ilmenite in regard to MnO content is shown in ilmenite-rutile composite grain in specimen No. 9 in Figs. 6 and 7.
As earlier mentioned, in contrast with the local chemical heterogeneity of ilmenite in the composite grains, independent euhedral ilmenite grains in hematite-bearing schists are chemically homogeneous within one polished section. Hence, equilibrium domain during crystallization of the in dependent euhedral ilmenite grains (reaching at least a few centimeters) was distinctly larger than that during crystallization of ilmenite in the composite grains (0.1 milli meters). In the pelitic schists , it was shown by Itaya and Banno (in prep .) that the exchange equilibrium of Mn and Fe2+ have been maintained between the rim of zoned garnet and coarse-grained indepen dent euhedral ilmenite and that the latter was in equilibrium with the silicate phases during progressive stage of metamorphism. This was not so in the case of ilmenite in the composite grains. Since the chemical features of euhedral ilmenite and composite grains in the basic schists are the same as those in the pelitic schists, we consider that euhedral ilmenite in the basic schists was in equilibrium with garnet and other silicate phases during progressive metamorphism, and that ilmenite in the composite grains was formed at a retrogressive stage of meta morphism. The fact that minerals formed at the retrograde stage of metamorphism are locally heterogeneous is seen not only in oxides, but also in silicates such as garnet, epidote and amphibole.
The chemical compositions of ilmenite hematite intergrowth and the core of zoned hematite are homogeneous with respect to grains in one polished section. This fact suggests that their equilibrium domains were almost the same in size as that of euhedral i menite. Therefore, they might have been in equilibrium with other oxides and major silicates during progressive metamorphism as euhedral ilmenite does. This is supported by the systematic partitioning of Mn and Fez} between oxide minerals, as will be described later. The rim of zoned hematite is heterogeneous even in one grain and its composition is similar to that of hematite occurring in low-grade zone. As the chemical composition of fine grained hematite is similar to that of the rim of zoned hematite, both have been formed at the same stage, i.e., retrograde stage of metamorphism. Based upon these facts, the hematite-ilmenite intergrowth, core of zoned hematite and independent euhedral ilmenite will be called, hereafter, as "equilibrium hematite and ilmenite". In Table 4 , the chemical compositions of this type of hematite and ilmenite are shown. Those of some ilmenite in the composite grains and the rim of zoned hematite are also shown in order to compare with equi librium hematite and ilmenite. The Mn/ Fe2+ atomic ratios of the hematite, ilmenite and magnetite are plotted on a line parallel to the Asemi valley (Fig. 3) . We see in this figure that the Mn/Fe2+ ratios of equilibrium hematite and ilmenite tend to decrease with increasing grade, although each ratio varies on large scale owing to the effects of the bulk rock compositions. As the hematite free schists do not contain independent euhedral ilmenite (equilibrium ilmenite), the Mn/Fez} ratios of ilmenite in the com posite grains can not be compared with that of the equilibrium ilmenite, but these ratios are distinctly larger than that extrapolated from the trend of Mn/Fe2+ ratios of the equilibrium ilmenite in the hematite-bearing schists (Fig. 3) . In the pelitic schists of the present area, ilmenites in the ilmenite-rutile composite grains are distinctly richer in MnO than the equilibrium ilmenite which was in equilibrium with major silicate phases during progressive metamorphism. Similar process may have operated in hematite-free basic schists, but also the equilibrium ilmenite were consumed by the formation of the composite grains.
As to that of garnet-chlorite pair in the pelitic schists as reported by Kurata and Banno (1974) and Higashino (1975) . Therefore, it is considered that the garnet rim was in equilibrium with other major silicate phases and that the core with high MnO content has been formed at lower tem perature than the rim. The modes of occurrence of the mineral species present as inclusions in garnet are summarized in Fig. 3 . Frequencies of oxide mineral assemblages found in each of garnet grain are seen in Table 5 . Garnet in the hematite-bearing schists commonly contains hematite, ilmenite and rutile, and sometimes magnetite, but not sphene. In this group of schists, hematite, ilmenite and rutile crystals are included in all parts from the Mn-rich core to the Mn-poor rim of garnet (Fig. 10) . On the other hand, garnet in the hematite-free schists include commonly rutile and sphene, and sometimes ihnenite, but not magnetite. Garnet porphyroblasts in this group contain sphene and rutile crystals only in the Mn-rich core, and ilmenite only in the Mn-poor rim (Fig. 10) , in the same manner as in the pelitic schists of the present area. These facts suggest that the stability fields of Fe-Ti oxides and sphene in the hematite-bearing schists are distinctly different from those in the he matite-free ones. The fact that garnet commonly includes sphene as well as Fe-Ti oxides in the basic and pelitic schists, shows that when these minerals coexisted with the growing garnet, they occur as inclusions in garnet. And this also suggests that, among these minerals, those which are not included in garnet did not coexist with the garnet. The mineral species included in the Mn-rich core were captured at lower temperatures than those in the Mn-poor rim. Therefore , in the hematite-bearing schists, hematite, ilmenite, rutile and magnetite were stable in the garnet and biotite zones, but sphene which is not included in garnet coexists with only hematite in the chlorite zone. In the hematite-free ones, it is considered that ilmenite was stable only in the higher grade zone, and sphene and rutile which are in cluded only in the Mn-rich core coexisted in the garnet zone, but not in the biotite zone. In the chlorite zone, sphene was stable. The schematical stability fields of these minerals are shown in Fig. 11 . The stability relations of Fe-Ti oxides and sphene in the hematite-free basic schists are similar to those of the pelitic schists of the present area as described by Itaya and Banno (in prep.) . 
MISCIBILITY GAP BETWEEN HEMATITE AND ILMENITE
As seen in Table 4 , hematite and ilmenite can be treated as the ternary solid solution with the following end members: FeTiO3, MnTiO3 and Fe2O3. Their chemical compositions are plotted on the FeTiO3 MnTiOs Fe2O3 diagram (Fig. 12) . Tie lines in this figure show coexisting equilibrium hematite and ilmenite. A continuous solid solution at least between (100%FeTiO3 0%MnTiO3) and (50%FeTiO3 50%MnTiO3) exists at the temperature range of the San bagawa metamorphism. Nos. 52, 55 and TH32 come from the middle garnet zone, Nos. 38 and 40 were collected near the biotite isograd and Nos. 24 and TH17, in the middle biotite zone. Among these samples, Nos. 52, 38 and TH32 are spessartine-and hematite-bearing quartz schists. It is seen in Fig. 12 that the miscibility gap between hematite and ilmenite on the FeTiO3-MnTiO3-Fe2O3 system is slightly dependent on the MnTiO3 content and different between the pairs from the garnet zone and from the biotite zone.
By extrapolating the gap on the join FeTiO3-Fe2O3 from Fig. 11 , average chemical compositions of coexisting hematite and ilmenite in the middle garnet zone, near the biotite isograd and in the middle biotite zone are estimated to be about Il25Hm75-Il93Hm7, Il31Hm69-Il89Hm11 and Il36Hm64-Il83Hm17, respectively. Fig. 13 shows schematical miscibility gap between FeTiO3 and Fe2O3 as the function of metamorphic grade. We see in this figure that the misci bility gap of the binary system FeTiOa Fee O 3 are distinctly asymmetric. This is in harmony with the petrographic observations in metaquartzite of Western New Hamp shire (Rumble, 1973) and in metamorphic rocks of Southeastern Sierra de los Filagr'es, SE Spain (Westra, 1970) as well as experi ments of Lindsley (1973). Although Fig.  13 is semi-quantitative, it clearly shows that the miscibility gap between hematite and ilmenite narrows with increase of metamorphic temperature. Rumble (1973) has shown that coexisting hematite and ilmenite in metaquart7ite. of the garnet and tion coefficient for Mn-Fe2+ between coexist ing hematite and ilmenite of the metaquart zite of Western New Hampshire (Rumble, 1973) lies between those of the garnet and biotite zones of the present area. The view that the subsolidus equilibrium of the garnet and staurolite zone of Western New Hampshire and biotite isograd of the Sanbagawa are similar to each other is rather natural, because the biotite isograd in the latter corresponds to the temperature at which the assemblage chlorite+almandine (Ca-bearing) +biotite is stable.
PARAGENESIS OF Fe-Ti OXIDE MINE RALS ON THE FeO-Fe2O3-TiO2-MnO SYSTEM
The frequencies of Fe-Ti oxide mineral assemblages are shown in Table 3 . In the previous sections, it was mentioned that in hematite-free schists, ilmenite and rutile were commonly observed in the biotite zone , but they were considered not to have coexist ed during progressive metamorphism . On the other hand, in the hematite-bearing ones , the stability ranges of magnetite, hematite, ilmenite and rutile overlap in the garnet and biotite zones. Inclusions in garnet and partitioning for Mn-Fe2+ among magnetite, hematite and ilmenite show that the as semblages hematite+rutile, magnetite+ hematite, magnetite+hematite+ilmenite and hematite+ihnenite+rutile were stable during progressive metamorphisn. How ever, our observations are still insufficient to decipher the stability of assemblages which include magnetite+rutile, i.e., magnetite+hematite+ihnenite+rutile, mag netite+hematite+rutile and magnetite+ ilmenite+rutile.
In the FeO-Fe2O3-TiO2 system, mag netite+rutile and hematite+ilmenite as semblages are incompatible. Based upon thermodynamic claculations, Lindsley (1962) considered that magnetite+rutile was stable at lower temperature instead of hematite+ ilmenite. Kanehira et al. (1964) observed hematite +ilmenite association in the San bagawa schists, and considered: that he matite+ilmenite assemblage was stable at least in the albite-epidote amphibolite facies. Mielk and Schreyer (1972) reported that, in regionally metamorphosed pelites of Fichtelegebirge, Germany, magnetite and rutile from detrital ilmenite grains occured in a lower grade zone, but, in a higher grade zone, ilmenite and hematite occured instead. Rumble (1973) observed magnetite+rutile assemblage in the garnet and staurolite zone of Western New Hampshire, and considered that the assemblage was formed from ilmeno-hematite by cooling. As mentioned before, however, in the present area, ilmenite and hematite contain sig nificant amounts of MnO component though magnetite and rutile are practically free of MnO. Therefore, the paragenesis of these oxide minerals must be treated in terms of the FeO-Fe2O3-TiO2-MnO system.
In the biotite zone, magnetite+rutile is observed in 6 samples, three of which are in four phase assemblage (TH17, 24 and TH 16). The four phase assemblage was observed in every part of a polished section, and magnetite and rutile sometimes occur 0.2mm apart (Fig. 8c) . The MnTiO3: FeTiO3: Fe2O3 ratios of ilmenite and hematite in four phase assemblage are 3.9:79.0:17.1 and 1.2:36.7:62.1, respectively. In Fig. 12 , hematite and ilmenite in magnetite+he matite+ilmenite or rutile+hematite+ilme nite assemblages are plotted above the hematite-ilmenite join of TH17 and 24, and this is consistent with the presence of four phase tetrahedron in the system in question. Furthermore the MnTiO3:FeTiO3:Fe2O3 ratios of hematite in two magnetite+rutile +hematite assemblages in the garnet zone are 0.3:28.6:71.1 and 1.2:28.2:70.6, i.e., they are poorer in MnTiO3 than those of the four phase assemblage. Therefore, the presence of magnetite+rutile and he matite+ilmenite in the biotite zone of the present area can be explained in terms of four component system. In the Mn-free system, hematite and ilmenite are in compatible. In this sense, the miscibility gap between ilmenite and hematite estimat ed in the previous section is a metastable extension of the miscibility gap.
Two samples of hematite-free schists of the biotite zone contain magnetite, rutile and ilmenite, but ilmenite and rutile occur only as composite grains. Since we con sider that rutile in the hematite-free schists did not coexist with ilmenite in a prograde stage, these two samples might have had the garnet zone are not contradictory with the four phase tetrahedron determined in the biotite zone. The schematical para geneses of these oxide minerals are shown in Fig. 14.
DISCUSSION
The discussion on the paragenesis among magnetite, hematite, ilmenite and rutile in a temperature range of low-to medium grade metamorphism was presented in the previous sections, let us then consider here the stability of these minerals as well as sphene in multi-component metamorphic rocks.
In spite of the possibility of strong bulk composition dependence of the appearence of these accessory minerals, there are some relationships between their occurrences and the nature of host rocks. One of them is the rarity of rutile in the hematite-free schists, both in basic schists described in this paper and in pelitic schists described elsewhere. In general, higher oxygen fugacity favors rutile+hematite by the following reaction 2FeTiO3+1/2O2=Fe2O3+2TiO2 (7) Thus, in the hematite-bearing schists, rutile appears even if TiO2 content is low, while in the hematite-free schists, rutile occurs only in rocks with high Ti/Fe ratio. In the hematite-bearing schists, minerals on both side of equation (7) coexist and buffer the fugacity of oxygen at a value higher than magnetite+hematite buffer (Mariko et al., 1975) . In the hematite-bearing basic schists, rutile and hornblende began to occur from the middle garnet zone. Therefore, the following schematized chemical reaction may explain the formation of rutile at the expense of sphene as discussed by Banno and Kanehira (1961) . sphene+chlorite+quartz= hornblende+rutile+water (8) Although hornblende and rutile appear almost at the same grade, it is required that reaction (8) takes place only after horn blende becomes a stable phase by the reaction among glaucophane, chlorite and epidote. Because the stability of rutile is in part estimated from its occurrences as inclusions in garnet, it is at present im possible to determine whether or not rutile was formed at higher temperature, even only slightly higher than hornblende. We observed that in the Kotu district in eastern Shikoku, rutile occurs in glacuophane schists, and hence equation (8) may explain the general formative pattern of rutile but cannot explain the details. In the hematitebearing and hematite-free basic schists and pelitic schists of the present area, rutile and ilmenite must be formed at the expense of sphene. This may be in parageneses of sphene and other silicate minerals (e.g. chlorite). However, since the influence of the decomposition of sphene to other silicates is very small, it is at present impossible to clarify the mechanism.
The formation of rutile from sphene can also be explained by the following reaction
CaTiSiO5+CO2=TiO2+CaCO2+SiO2
( 9) However, the frequency of finding calcite in the basic schists does not appear to be related to the metamorphic grade as seen in Table   Table 6 Frequency of calcite-bearing speci mens in the chlorite, garnet and biotite zones; denominator is total numbers of examined samples.
6. On the contrary, we consider that the chemical reactions among the silicate and oxide minerals, such as reaction (8), deter mine the parageneses of Fe-Ti oxide minerals. However, the assemblage of sphene+rutile+ calcite+quartz observed in some hematite free basic schists as well as the pelitic schists of the garnet zone (Itaya and Banno, in prep.) buffers the fugacity of CO2 and helps us to estimate it in the same manner as Ernst (1972) . On the other hand, the hematite-bearing basic and quartz schists, in which rutile did not coexist with sphene, are in higher CO2 fugacity than the pelitic schists and hematite-free basic schists with minerals in both sides of equation (9). Both groups of schists are sometimes observed in the same outcrop of the garnet zone. This suggests that CO2 component in fluid phases was internally controlled at least in a scale on the order of an outcrop during the Sanbagawa progressive metamorphism.
